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ABSTRACT

l’he clustering of asteroids, the Trojansr a t the Jupiter
liberation points L4 and L5 offer yearly launch opportunities for
double flybys. In addition, passage thr<,ugh the ma;n belt can add
one and sometimes two additional flybys to make this an attractive
mission for small spacecraft . Al SO, launch mass will double by
using a 2-year Earth return gravity :issist, a s well as offer
additional main belt flybys.

Introduction

The Trojan asteroids residing in the 1,4 and L!, regions of Jupiter
(locations of 60 degree leading and lagging Jupitel- itl its orbit) , represent
impo~tant clusters of main-belt sized bodies. T’heir numkmr-, as detected from
I+artl], has increased significantly in the past few years, with improved
telescc)pic sensitivity and interest (see Reference) . Though further from the
sun than main-belt asteroids, and so more difficult LO reach, this is
compensated somewhat by their clustering property, which allows higher
probability for mult_iple  encounters.

This clustering propert_y  is shown in Figure 1, whjch plots Lhe ecliptic
plane projection of their location on Februa]-y  1, 1994. To avoid clutter on
Lhe F’.igurc, only 80 asteroids have been plotted. As of Novcnber 1994 there are
114 numbered Trojans, and 70 unnumbered; and futu]e observations should
increase this number considerably. Figure 2 shows the same 80, as seen from 15
degrees to the ecliptic, and indicates that some Trojans can be highly
inclined.

The purpose of this study is to explore the possibilities of multiple
Trojan asteroid encounters, expecting that they would be more numerous because
of their clustering property. This is indeed the case; and, in fact, since the
spacecraft must pass completely through the main belt twice, opportunities
exist to include one or two of these asteroids also.

Dual Trojan Flybys

A few double Trojan encounters have been generated ill Lhis exercise to
get some understanding of their frequency of occurrence, and possible deep
space maneuver requirements. The results are encouraging. I,aunch years from
1997 through 2001 have produced several. acceptable missions. The launch C3
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~-equirernents for direct launch range from “18 to 86 kn(2/sec2  . F’light times t-o
t-tie second ‘1’~-ojan  range from 3.2 to 4.2 years, and the cicep .sE)ace AV can be as
little as none to 1S0 m/s.

Seven opportunities were found for the 5 years chosen, and more can
cc?rtainly be ciiscovered. The technique chos<n was rest ]-ict-ive  in the sense
Lhat Trojans wil-~1  low orbital inclinations were tried f irst_, and this worked
quite we]] . One author (Bender)r however, kas develo~,ed a technique which
finds favorable launch and arrival dates for (ach ‘Trojan such t_hat the arrival
date is close to its nodal passage. l’l]is way, two whick~ have similar launch
dates (and traject-ories) can be paired and used in MIIIAS to compute the dual
flyby possibility. Exercising this prog~am wiJl be left. for fui_ure work.

Adding Main Belt Bodies

Missions beyonci the Main Belt (as with [~alileo) offer the opportunity of
close encount-ers with these objects. A mission of ‘Yrojan flybys offer 2
passages through the belt., i e., outbound and inbound. Perhaps more, in fact,
if a second l-evolution about. the Sun is consiclered. T’he typical period of the
orbit. is about- 6 yea~-s.

Once a t.raject,ory  for a double Trojan flyby is computed, it is
propagated in the ASTENC program (or a MIDAS c)ption)  to see which other bodies
it comes close Lo. l’hen, the closest candidates a~-e i[lclucied  in the MIDAS
p~-ogram as flyby Ldrgets. More often than not, t_wo boc]ies can be included, but
usually with a maneuver penaJ.ty, Only tl,ose cases which have modest
requirements (less than 300 m/s) have been selected. ‘i’he final results are
presented in Table 1.

F,ach pair of Trojans which results in favorable dual flyby encounters
for a given launch opportunity is listed as Lhe first mission of a possible
set . This includes no Main Belt encounters a]ld will yield the minimum total
energy, or maximum payload.

‘l’he fi~-st. set, for example, is a dual encounte]- of 1988 SK2 and 1988
RNll (Trojans near L5) with a launch opporturrity  in 1997. T’he next two entries
then also include the main belt asteroids 1971 WK1 (2nd mission) and 3146 T-2
(3rd mission). The encounter dates and flyby characteristics of Lhe two
Trojans do not change much, but there is usually a AV penalty to include the
main belt asteroid. In this set, including :1971 WKI requires 240 m/s, but
including 3146 T–2 adds only 1 m/s to the dual flyby of 154 m/s. The penalties
for the other 4 sets are great_er.

AS with Jupiter, favorable launch opportunities occur every 13 months,
with those to 1,4 being two months after Jupiter launch dates, and 1,5 being two
months before. In Table 1, mission sets 1-5 ap])ly to 1,4, and mission sets 6, 7
to 1!5. Figure 3 shows a pc)lar view of the trajectory for the 4 asteroid
encounter of Set 2 in Table 1 .

Mass Estimates

Also included in Table 1 is an estimate for spacecraft mass less on-board
propulsion and AACS systems. The Medli.te launch vehicle was chosen for this
estimate. Using Figure 4, Mecilite provides about 200 kg to an escape energy of
40 km2/sec2. Tk]en, an advanced propulsion stage is used Lo increase this
launch energy t.o 80 krn2/sec2 (requiring about 1.6 kni/s), in addition to
pez”forming  deep space DV maneuvers of 200 m/s, the Clr-y launch mass would be



about 120 kg. Subtracting off the dry propulsion mass (with AACS) as shown in
Figure 5, about 90 kg remains fol- ~c~en~e instruments ?Ind other spz,cccl-aft
systems . This seems reasonable for the Millennium objectives.

Earth Gravity Assist Option

The use of gravit_y assist. is usually avai]ab]e,  if necessary, Lo
increase launch mass or decrease launch e]lergy, C:i. I-’or example, a 2 ycaz

Earth gravity assist (RGA) will reduce launcl~ energy f~cm~ about 80 krn2/sec2 to
about 25 km2/sec2 The Medlit-e injected mass would then im about_ 300 kg (E’igure
4). Some of this will be lost because a mandato~y I)V of about 700 m/s is
required a year after launch on the FXA trajt>ctory.  If, in addition, about 500
m/s is needed during the mission, the p~opu]sion  mass will be about- 95 kg.
Using Figure 5, the dry ~,ropulsion  mass (k~ith AACS) comes Lo about- 25 kg,
leaving 180 kg for science and other spacecraft systems. Thus, a]though a 2-
year flight Lime has been added to the mission, the p;iy]oad availahJe has k>een
doubled.

An example 5-ast_eroici flyby has been g(rrerated by adciing a ?-yeaI- KGA to
the Set 6 (Table 1) mission. The launch year is then 1998 instead c)f 2000. In
this t~-ajectory  search, it was possible to maintain the original t-wo Trojan
asteroids and their arrival dat,es, but- Lhe auxiliary nLail-l  belt asteroicis  which
were encountered changed. Also, on the 2--year F;art-h return, a fifth asteroid
about 1 year after launch was found and included in the mission. Data for this
mission may be found in Table 2 (called Set 8) . Total r[(ission  flight- time is
7.24 years.

Conclusions

Clustering of Lhe Trojan asteroids allc)w~’ double flyby launch ““\
opportunities every 13 months to either thos( at L4 o; at 1,5. There is also a
high probability that two main belt asteroid flybys car-r be included in the
mission, one on the departure leg and the c>ther on the return leg. Mission
duration t-o the 4th asteroid ranges from 4.5 to 5 yeal-s, and provides about
one flyby per year. The Medlite launch vehicle allows a launch mass of 80 to
100 kg for direct launch, excluding the propulsion and AACS systems.

Use of a two year 13arth gravity assist can double the launch mass at the
expense of flight, time. However, the average rate of about one flyby per year
may be maintained if two additional flybys carj be inc]ucied on the Earth return
segment . The probabilities for this are lowe] since the EGA only goes out to
2.2 AU and, if founci, these flyby bodies will be smaller. Navigation
requirements have not been computed fc)r these missions, but it is felt that
100 m/s should be adequate. Finally, with respect to previous multiple
asteroid flyby searches, including Trojans into the mission can yield science
on a different class of asi_eroids as well as increase the number of bodies
visited.
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FIGURE 2 JUPITER AND 80 TROJAN ASTEROIDS FEB. 1, 1994
IncIined view 15 degree—
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Figure 3: Flybys Of Two Trojans PIUS 2
50 day tics cm s/c
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Table 1. MISSION OPPORTUNITIES TO TV70 TROJAN ASTEROIDS

3

DATE c3(k+/s2)
D LA MASS s/c

IN’J . Dv s/c i)v

32-17-97 78.6
-i3.7cieq 95 kg
6.50 kIm/s 154 In/s

02-16-97 78.3
-15.5 Clec 92 kg
6.57 .kII/; 240 I! I/s

02-18-97 79.3
-12.0 deg 94 kg
5.53 hds 155 mls

NAME (NUMBER)
T I.ME) FB SPEED
E-DIST FL%DIUS

1988 SK2 (11569)
713 days 6.6 kmls
6.0 AU 10.8 km

1971 WK1 (3421)
188 days 14.2 km/S

2.3 AU 4.1 km

3146 T-2 (14235)
190 days 14.9 h/s

2.3 AU 1.7 km

1988 RNll (:22!)5) None Xo?e
1199 days 6.3 km/s
5.3 AU 10.8 km

1988 SK2 (11569) 1988 FW1l (12295)
Same Same

None

1988 SK2 (1:569) 1988 RNll (:2205) None

Same Same

21ATZ C3(km2/s2j XAX5 (X.X3E2) x~v~ pm,( YU’.V.3 -.?, xpy~ (Y.-Y+3Z?.  ) XAY3 {y,w=?z  !-.. JJ ...

DLA .%ss s/c TIME FB SPEED TIME FB SPEED T I&f& FB SPEED Y I liE FB SPEED
INJ. DV S/C DV E-DIST MDIUS E-DIST RADIUS ~-DIs T RADIUIS E-DIST .p”nJ::s

C3-26-98 84.2 Pandarus D (2674) 1988 RN1l (12205) None None
-:~.~ <1~ g~ @ 787 days 5.3 kds 1535 dsys ~.$1 Mp.ls

6.61 !a/; 69 m/s 5.9 AU 51.0 knl 5.3 AC 10.8 LT.

03-30-98 83.9 Parvati (2847) Pandarus D (2674) 1 9 8 8  RNll (:2205) None
-:7.0 deg 87 kg 126 days 15.1 km/s Same Same
6.66 km/s 123 m/s 1.1 AU 5.4 km

03-30-98 83.9 Parvati Pandarus D (2674) 1988 RN1l (12205) Fanatica (1589)
-17.0 deg 83 kg Same Same Same 2:34 days :6.8 !<?./s
6.74 kds 219 171/S

:.9 ~: 6.8 ;<TI



Table 1. MISSION OPPORTUNITIES TO TWO TROJAN ASTEROIDS

[Set 5) T 1 7 ? m Fm 4
!) ATE c3(k..2/s2)
DLA ELMS Slc

INJ. DV SIc Z)v

04-01-98 78.8
-i9. O cieg 97 kq
5.47 km/s 110 R./s

03-31-98 78.7
-16.3 deg 91 kg
5.55 kn/s 196 m/S

03-31-98 78.7
-16.3 tiecj 91 kg
6.57 kITI/S 215 m/s

NAME (NUMBER)
T lME FB SPEED
E-DIST WIDIUS

Phereclos D (2357)
885 days 5.7 kds

4.4 AU 51.5 km

1976 QP (10257)
128 days 17,2 km/S

1.1 AU 1.7 km

1976 QP
S am.e

NAME (NUMBER)
TIME FB SPE!U3
E-DIST .PADIUS

1988 RN1l (11074)
1331 clays
4.2 AU 5.8 h

Phereclos D (2357)
Same

Phereclos D (2357)
Same

.None None
7,8km/s

1988 RNI1 (11074) Xone
Same
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